Chlorophyll production involves the synthesis of photoreactive intermediates that, when in excess, are toxic due to the production of reactive oxygen species (ROS). A novel, activation-tagged barley (Hordeum vulgare) mutant is described that results from antisense suppression of a uroporphyrinogen III synthase (Uros) gene, the product of which catalyzes the sixth step in the synthesis of chlorophyll and heme. In homozygous mutant plants, uroporphyrin(ogen) I accumulates by spontaneous cyclization of hydroxyl methylbilane, the substrate of Uros. Accumulation of this tetrapyrrole intermediate results in photosensitive cell death due to the production of ROS. The efficiency of Uros gene suppression is developmentally regulated, being most effective in mature seedling leaves compared with newly emergent leaves. Reduced transcript accumulation of a number of nuclear-encoded photosynthesis genes occurs in the mutant, even under 3% light conditions, consistent with a retrograde plastid-nuclear signaling mechanism arising from Uros gene suppression. A similar set of nuclear genes was repressed in wild-type barley following treatment with a singlet oxygen-generating herbicide, but not by a superoxide generating herbicide, suggesting that the retrograde signaling apparent in the mutant is specific to singlet oxygen.
INTRODUCTION
Chlorophyll and heme synthesis is achieved by the multistep enzymatic conversion of Glu to cyclic tetrapyrroles ( Figure 1A ). In both plants and animals, suppression of key enzymatic steps in this pathway can lead to the accumulation of photoreactive intermediates, causing deleterious light-dependent phenotypes. In humans, such phenotypes or diseases are collectively called porphyrias (Sassa and Kappas, 2000) and have been ascribed to mutations in seven genes that encode enzymes leading to heme synthesis (Sassa and Kappas, 2000) . All seven of these genes are common to the plant tetrapyrrole pathway.
In plants, targeted gene silencing of uroporphyrinogen III decarboxylase, coproporphyrinogen III oxidase, protoporphyrinogen IX oxidase, and plastidic ferrochelatase ( Figure 1A ) in tobacco (Nicotiana tabacum) produced a light-dependent necrotic phenotype that was a consequence of increased enzyme substrate levels (Kruse et al., 1995; Mock and Grimm, 1997; Mock et al., 1999 , Papenbrock et al., 2001 . The insertion of a Mutator (Mu) transposable element in the maize (Zea mays) uroporphyrinogen III decarboxylase gene (lesion mimic22 [Les22] mutant) also led to a dominant, photosensitive disease lesion mimic phenotype that was lethal in the homozygous state (Hu et al., 1998) . Similarly, an Arabidopsis thaliana T-DNA insertion in the 59 leader sequence of the gene for coproporphyrinogen III oxidase (lesion initiation2 [lin2] mutant) lead to lesion formation (Ishikawa et al., 2001) .
In addition to direct alteration of tetrapyrrole biosynthetic genes, mutations in regulatory genes can also produce related phenotypes. Mutation of the Arabidopsis FLUORESCENT (FLU) gene (flu mutant) (Meskauskiene et al., 2001 ) and the orthologous barley (Hordeum vulgare) gene TIGRINA d (Lee et al., 2003) led to an accumulation of protochlorophyllide in etiolated seedlings grown in the dark. Upon light exposure, these mutant seedlings underwent photobleaching and died due to the excess of this photoreactive chlorophyll intermediate. However, both mutants could survive when grown in constant light because of the inability of protochlorophyllide to accumulate under these conditions. The FLU/TIGRINA d nuclear genes encode a plastidlocalized protein that is involved in a negative feedback regulation mechanism of tetrapyrrole biosynthesis, possibly by interaction with Glu tRNA reductase, the second enzyme in the pathway (Meskauskiene et al., 2001; Lee et al., 2003) .
A related mechanism for generating light-dependent lesion mimic phenotypes in plants is via the interruption of chlorophyll degradation during leaf senescence. This leads to the accumulation of photoreactive degradation intermediates. For example, mutation of the chlorophyll-degrading enzyme pheophorbide a oxygenase produced light-responsive lesion mimic plants. In maize, this phenotype is characterized by the lethal leaf lesion1 mutant (Gray et al., 1997; Pruzinska et al., 2003) , while deficiency in the equivalent enzyme of Arabidopsis was identified as the accelerated cell death1 (acd1) mutant (Pruzinska et al., 2003) . Mutation in a second enzyme in the chlorophyll degradation pathway, red chlorophyll catabolite reductase, also produced a light-responsive lesion mimic phenotype in the acd2 mutant of Arabidopsis (Mach et al., 2001) , while RNA interference (RNAi) silencing of chlorophyllase1 in Arabidopsis caused an accumulation of hydrogen peroxide under high light conditions (Kariola et al., 2005) .
In these examples, the accumulation of photoreactive intermediates in the tetrapyrrole synthesis and chlorophyll degradation pathways leads to cell death. This phenotype has been exploited by the development of a number of herbicides that specifically inhibit protoporphyrinogen IX oxidase, resulting in the accumulation of protoporphyrinogen IX that is subsequently exported to the cytoplasm and accumulated as photoreactive protoporphyrin IX (Wakabayashi and Boger, 2002; Patzoldt et al., 2006) . The accumulation of this photoactive intermediate results in the production of oxygen radicals, leading to cell membrane damage and ultimately the loss of photosynthetic pigments (photobleaching) (Wakabayashi and Boger, 2002) .
To enable gene discovery in barley, we developed an activation tagging system based upon the maize Ac/Ds transposable element system (Ayliffe et al., 2007) . A modified Ds element, UbiDs, was engineered to contain promoters derived from the highly expressed maize polyubiquitin gene. In the presence of Ac transposase, this modified Ds element undergoes transposition to new genomic locations with a majority (75%) of new UbiDs insertions initiating high levels of adjacent sequence transcription (Ayliffe et al., 2007) . This mutation system has the potential to generate overexpression, insertional inactivation, and gene silencing mutants. In a screen of 60,000 F2 seedlings from F1 plants containing both the UbiDs and transposase transgenes, a mutant plant was identified that showed reduced expression of a uroporphyrinogen III synthase (Uros) gene, the product of which (A) Schematic diagram of the chlorophyll/heme biosynthetic pathway. Arrows indicate the number of enzymatic steps between each compound. Enzymes are indicated in italics. An asterisk indicates that suppression of this enzyme activity has been shown to result in necrotic lesion formation. The proposed site of inhibition of the flu/tigrina D mutations is indicated. (B) The UbiDs activation tagging construct consisted of a maize Ac element containing two maize polyubiquitin promoters that transcribe out of each end of the element, in addition to a bar selectable marker gene. Ac 250-bp 59 and 39 terminal inverted repeat sequences (gray triangles) and an internal 900-bp Ac sequence (gray box labeled Ac) are indicated, as is the 35S-bar gene (hatched bar ORF adjacent to a 35S promoter). In juxtaposition to the UbiDs element was a uidA ORF, expressed by the adjacent polyubiquitin promoter located at the 39 end of the Ds element, thereby enabling transgene identification by GUS staining. The Ubi-transposase transgene consisted of the maize Ac ORF under the regulatory control of a maize polyubiqitin promoter. A bacterial omega transcriptional enhancer sequence was included in the 59 leader sequence (hatched box).The position of EcoRI restriction sites (R1), AcXE, and polyubiquitin 59 leader sequence (UbiL) probe homologies (dashed lines) are indicated for both constructs, as is the size of relevant restriction fragments. (E) A somatic sector of wild-type appearance on a 70a3 mutant plant leaf adjacent to a necrotic sector. (F) Necrosis is occasionally observed on the lemma of 70a3 seeds as shown on the seven seeds on the left (awns have been removed prior to photography). Removing the lemma from these seeds (three seeds on right) reveals that necrosis is restricted to this tissue. (G) The 70a3 mutation is recessive. Plants shown from left to right are Golden Promise, a Golden Promise 3 70a3 F1 plant, and a 70a3 mutant seedling. All three plants are the same age. (H) Identification of revertant progeny among seedlings derived from self-fertilization of plant 70a3. Plants shown from left to right are Golden Promise, a revertant 70a3 progeny plant, and a necrotic 70a3 progeny plant. All three plants are the same age. (I) Hydrogen peroxide production in the 70a3 mutant detected by 3,39-diaminobenzidine staining (DAB) staining. Two leaves each were isolated from a 70a3 mutant seedling (left) and from a Golden Promise control plant (right). The second (70a3) and third leaves shown (Golden Promise) were stained for hydrogen peroxide production, while the first and fourth leaves were not stained. The vascular tissue of the Golden Promise leaf (third leaf) showed DAB staining due to hydrogen peroxide production associated with vascular tissue development, while the 70a3 mutant leaf (second leaf) showed staining of both vascular tissue and regions of necrotic tissue.
catalyzes the sixth step in the plant tetrapyrrole biosynthetic pathway. The isolation and characterization of this mutant is described herein.
RESULTS
The Barley 70a3 Mutant Shows a Developmental, Necrotic Phenotype That Cosegregates with a New UbiDs Insertion Transgenic Golden Promise barley plants containing a UbiDs transposon were crossed with plants (iAc1 and iAc3) containing an active Ac transposase transgene (Ubi-transposase) and the resulting hybrid progeny self-fertilized to generate an activation tagged population ( Figure 1B) . Seedlings (60,000) from this population were screened for altered morphology due to UbiDs transposition and reinsertion. Among these 60,000 plants, a single seedling was observed that showed a developmental, necrotic phenotype associated with reduced seedling vigor ( Figure 2A ). Upon full expansion of the first leaf, necrosis was initiated in the vicinity of the leaf tip and spread as a series of discrete lesions that extended toward the leaf base and culminated in leaf death (Figures 2B and 2C) . This phenotype was repeated in the second leaf following full expansion and continued until leaves 7 and 8. Subsequent leaves showed evidence of necrosis, but with a less severe phenotype, resulting in a mature, fully fertile barley plant similar in height and overall appearance to wild-type plants ( Figure 2D ). This mutant plant was named 70a3.
Progeny derived from self-fertilization of plant 70a3 inherited the developmental, necrotic phenotype that was also occasionally associated with necrosis of the lemma of developing barley seeds ( Figure 2F ). Six backcross progeny derived from a 70a3 3 Golden Promise cross were wild type in appearance ( Figure 2G ), and analysis of 114 F2 progeny from one of these backcross plants showed a 3:1 segregation of wild-type to necrotic plants (80 wild type: 34 necrotic; x 2 = 1.42, 0.2 < P < 0.3). These data are consistent with the 70a3 mutant phenotype being inherited as a single, recessive allele.
A single, newly transposed UbiDs element was identified in plant 70a3 that was absent in both the original T0 parental line (UbiDs T0 line 11) from which this plant was derived and several other sibs of plant 70a3 (see Supplemental Figure 1A online). DNA gel blot analysis of 108 of the 114 F2 progeny described above, using either a Ds-specific probe ( Figure 1B , AcXE probe) or the genomic sequence immediately flanking the 39 end of the new Ds insertion site in 70a3, demonstrated cosegregation between this new UbiDs insertion and the recessive mutant phenotype (see Supplemental Figures 1B and 1C online) . The 39 flanking sequence was subsequently mapped using a Steptoe X Morex doubled haploid family, and the 70a3 UbiDs insertion was found to be located on chromosome 4HL, 11.6 centimorgans distal to marker ABG319a and 5.5 centimorgans proximal to marker iHxk2 (see Supplemental Figure 1D online).
Wild-Type, Revertant Plants Detected among Progeny Derived from Self-Fertilization of Plant 70a3
In addition to the new UbiDs insertion, plant 70a3 also inherited the Ubi-transposase transgene from barley line iAc3, identified as a 2.1-kb fragment with homology to the AcXE probe ( Figure 3A , lanes 1 and 3), making this mutation potentially unstable. Discrete sectors of apparently wild-type tissue were observed on this plant next to obviously necrotic tissue, suggestive of somatic sectors of tissue in which UbiDs had excised to restore wild-type function ( Figure 2E ).
Definitive evidence that the 70a3 mutant is a result of the UbiDs insertion was provided by the recovery of wild-type revertant progeny arising from excision of the transposable element. Germination of 48 seeds, produced from self-fertilization of plant 70a3, identified 40 plants that showed the developmental, necrotic phenotype, while eight plants were phenotypically wild type in appearance ( Figure 2H ). DNA gel blot analysis using the 39 flanking sequence probe confirmed that all eight wild-type plants contained at least one revertant allele, with two plants containing only reversion alleles (examples shown in Figure 3B , lanes 10 to 15). Among some of the necrotic progeny derived from selffertilization of 70a3, faint revertant alleles could occasionally be seen in plants also containing the Ubi-transposase transgene (e.g., Figure 3B , lane 25). Interestingly, one necrotic plant DNA contained an apparently high-copy amplification of the UbiDs insertion site that involved both the Ds element and the 39 flanking sequence ( Figures 3A and 3B , lane 18). Hybridization (O) and (P) Confocal laser microscopy of Golden Promise (O) and 70a3 mutant (P) leaf tissue stained with aniline blue. Callose deposition can be seen as yellow fluorescence. (Q) and (R) Nitric oxide production in necrotic regions of 70a3 leaf tissue. Leaf tissue shown in (Q) (Golden Promise) and (R) (70a3 necrotic leaf tissue) was stained with diaminofluorescein diacetate. Nitric oxide (green fluorescence) was detected along the cut edge of the control leaf but not within internal tissues (Q). By contrast, the necrotic regions of 70a3 tissue produced nitric oxide that appeared to localize to the chloroplasts (R). In addition to plastid staining, UV fluorescent vesicles were observed that are further illustrated in (T) and (U). (S) to (U) Autofluorescent vesicles present in necrotic tissue of plant 70a3. Golden Promise (S) and 70a3 leaf tissue ([T] and [U]) was observed under confocal laser microscopy in the absence of any staining. Vesicles were apparent in necrotic 70a3 tissue, which was autofluorescent under UV light, suggesting that it contained phenolic compounds. All plants shown were grown under glasshouse light conditions. with the AcXE probe ( Figure 1B ) demonstrated absence of the transposon in homozygous revertant lines ( Figure 3A , lanes 11 and 13).
A 59 genomic sequence (636 bp) flanking the UbiDs insertion was isolated by thermal asymmetric interlaced (TAIL)-PCR, and from this and the 39 flanking sequence it was inferred that an 8-bp duplication accompanied the UbiDs insertion, which was subsequently confirmed by sequencing the equivalent wild-type region from barley cultivar Morex (described below) ( Table 1) . Revertant alleles were PCR amplified and sequenced from the six heterozygous revertant plants using primers flanking the insertion/excision site. Two revertant alleles accompanied a precise deletion of the 8-bp duplication, two alleles contained a common 3-bp insertion, while the remaining two plants contain (A) DNA gel blot analysis of revertant plants identified among progeny produced from self-fertilization of plant 70a3. DNA (10 mg) was digested with EcoRI and hybridized with the AcXE probe ( Figure 1B ). Lanes contain DNA from (1) iAc3, (2) Golden Promise, (3) plant 70a3, (4 to 9) 70a3 X GP F1 plants, (10 to 15, marked with asterisks) wild-type revertant 70a3 progeny, and (16 to 27) necrotic 70a3 progeny. Arrows indicate molecular weight mobilities of 4.84 and 2.1 kb. The AcXE probe detects a 2.1-kb fragment derived from the Ubi-transposase transgene of iAc3 (lane 1), while the new UbiDs insertion in plant 70a3 is indicated by a 4.5-kb fragment (lane 3). The fainter 3.5-kb fragment present in plant 70a3 and its subsequent progeny was originally inherited from the T0 parent of this line and represents a partial UbiDs transgene integrant that occurred during plant transformation (shown in Supplemental Figure 1A online). Two revertents are homozygous for UbiDs excision alleles (lanes 11 and 13).
(B) Hybridization of the filter shown in (A) with genomic sequence flanking the 39 end of the UbiDs insertion in plant 70a3. The 39 flanking sequence probe detects the same 4.5-kb fragment in plant 70a3 and its progeny, which hybridizes with the AcXE probe shown in (A). Necrotic 70a3 progeny DNA (lanes 16 to 27) is homozygous for the UbiDs insertion allele, while Golden Promise and line iAc3 are homozygous for a 10-kb endogenous allele. 70a3 3 Golden Promise hybrid plants are heterozygous (lanes 4 to 9), while all revertent DNA (lanes 10 to 15) contains at least one revertent allele, with DNA in lanes 11 and 13 homozygous. An arrow indicates a molecular weight mobility of 4.84 kb. (C) Hybridization of the Uros EST sequence to RNA isolated from (1) Golden Promise, (2) transposase line iAc3, (3) UbiDs T0 line 11, (4) the UbiDs T0 line 11 3 iAc3 hybrid parent of mutant 70a3, (5 to 7) necrotic progeny of plant 70a3, (8 to 10) homozygous (lane 8) and heterozygous (lane 9 and 10) revertant progeny of line 70a3, and (11 and12) 70a3 3 Golden Promise F1 plants. A minor band common to all 12 lanes is due to background rRNA hybridization. The locations of rRNA fragments are indicated with arrows. Shown below is the RNA gel used for transfer. (D) Full-length Uros transcripts are present in 70a3 RNA. Lanes 1 and 2 contain polyadenyated mRNA isolated from wild-type Golden Promise plants and 70a3 necrotic progeny. The locations of rRNA fragments are indicated with arrows. Shown below is a highly compressed image of the mRNA gel demonstrating that loadings are not equivalent. (E) The 70a3 mutant produces large transcripts that are complementary to endogenous Uros transcripts. RNA was isolated from Golden Promise (1) and the 70a3 mutant (2), respectively, and hybridized with a doublestrand Uros EST probe (first panel), a single-strand EST probe complementary to the Uros sense strand (second panel), and a single-strand EST probe complementary to the Uros antisense strand (third panel). The hybridization of high molecular weight RNA transcripts present in panel 3 with a Uros sense strand probe demonstrates that they encode sequences that are complementary to endogenous Uros transcripts. Arrows on the right hand side of the third panel indicate the locations of rRNA fragments. (F) Detection of 21nt RNA sequences with homology to a complementary strand Uros probe. Lanes contain the following: (1) a 21-base ribonucleotide marker, (2) Golden Promise leaf small RNA, and (3 to 5) 70a3 small RNA from young healthy 4th leaves, 3rd leaves beginning to undergo necrosis, and necrotic 2nd leaves. Second, third, and fourth leaves were harvested from 70a3 plants at the fourth leaf stage of development, with all leaves harvested at the same time. Shown below is the same membrane hybridized with a U6 RNA probe. The top panel shows that small Uros sense strand RNA 21 to 22 nucleotides in length can be detected only in necrotic tissue, consistent with RNA-mediated degradation of endogenous Uros transcripts.
revertant alleles with 4-and 5-bp insertions (Table 1 ). These latter two potentially out-of-frame revertants suggest that the insertion site of UbiDs is not within a functional gene open reading frame (ORF).
From the above analyses we conclude that the UbiDs insertion in 70a3 is responsible for the developmental, necrotic phenotype based upon the identification of wild-type revertant progeny, the cosegregation of the Ds insertion, and the mutant phenotype among 108 F2 progeny and the identification of somatic, wildtype sectors in the original mutant plant.
The 70a3 Ds Insertion Occurs 39 of a Uros-Like Gene
As TAIL-PCR products (59 and 39) that flanked the 70a3 UbiDs insertion site showed no homology to known genes or other database sequences, additional sequence information was sought. A BAC clone (0031J02) was isolated from a barley cultivar Morex genomic library using the 70a3 39 flanking sequence probe, and 11 kb of genomic sequence flanking the region equivalent to the 70a3 UbiDs insertion site was sequenced. The Ds insertion was located between nucleotides 8843 and 8844 of this published sequence (GenBank accession number EU338488). A single gene (Uros) encoding a Uros-like protein was identified 3.7 kb 59 of the Ds insertion site ( Figure 1C ). The structure of the Uros gene was predicted by comparing this barley genomic BAC sequence to wheat (Triticum aestivum) and barley EST homologs that encode Uros-like proteins. It was concluded that the barley Uros gene consists of nine exons ( Figure 1C ) and encodes a predicted polypeptide of 299 amino acids that is 91% identical to the equivalent predicted wheat protein and 58% identical to the Arabidopsis Uros protein whose enzymatic function has been demonstrated (Tan et al., 2007) . No other known sequence homology was apparent in this 11-kb region apart from small stretches with similarity to retrotransposable elements and repeat sequences.
Antisense Suppression of Uros Transcript Accumulation Is Caused by the UbiDs Element
RNA gel blot analysis was undertaken to determine if the UbiDs insertion in plant 70a3 altered Uros transcript accumulation relative to wild-type plants. Control Golden Promise and parental RNAs contained three endogenous Uros transcript classes (Figure 3C , lanes 1 to 4), while a significant reduction in endogenous Uros transcript accumulation was apparent in necrotic progeny of the 70a3 mutant plant ( Figure 3C , lanes 5 to 7). Analysis of polyadenylated mRNA samples confirmed the presence of fulllength Uros transcripts in necrotic tissue ( Figure 3D ), indicating that the 70a3 phenotype results from reduced, rather than absent, Uros transcript levels. In addition to reduced accumulation of endogenous Uros transcripts, necrotic 70a3 progeny also contained several large aberrant transcripts and a smaller transcript with homology to the Uros probe ( Figure 3C ). Hybridization with single-stranded Uros antisense and sense probes ( Figure 3E , panels 2 and 3) confirmed that the large transcripts present in RNAs from necrotic plants encoded antisense Uros transcripts that were initiated by the UbiDs element. These transcripts also contained a polyubiquitin 59 untranslated region (UTR) as the polyubiquitin promoters contained in UbiDs include a 59 UTR, further confirming the UbiDs origin of these antisense transcripts (see Supplemental Figure 2 online).
RNAs from 70a3 revertant progeny contained all three endogenous Uros transcript classes, consistent with the wild-type appearance of the plants ( Figure 3C , lanes 8 to 10). However, the additional large and small aberrant transcripts were also present in heterozygous revertant plants that contained a 70a3 UbiDs insertion allele ( Figure 3C , lanes 9 and 10). Hence, these latter two RNA samples were identical in transcript accumulation to RNAs derived from Golden Promise X 70a3 F1 plants ( Figure 3C , lanes 11 and 12). These data are consistent with both a UbiDs origin for these aberrant transcripts and the recessive inheritance of the necrotic phenotype, as a single UbiDs allele does not significantly reduce endogenous Uros transcript levels.
Two possibilities existed for the reduced level of Uros transcript observed in the mutant line: either the Ds element had insertionally inactivated a 39 transcriptional enhancer of the Uros gene, or the ectopic Uros antisense transcripts initiated by the UbiDs element caused gene silencing. RNAs from necrotic 70a3 progeny plants were shown to contain 21-to 22-nucleotide degradation products with homology to a Uros antisense strand probe ( Figure 3F ), consistent with RNA silencing generating the reduced level of endogenous Uros transcript accumulation in mutant plants. Interestingly, a spectrum of larger degradation products was present in the mutant RNA when resolved by PAGE ( Figure 3F ), suggesting that the small aberrant transcript class seen on RNA gel blots ( Figure 3C ) are degradation products from Uros transcripts. The abundance of this small aberrant transcript class is inversely proportional to the accumulation of endogenous Uros transcripts consistent with their proposed degradation origin (Figures 4A and 4B) . From these analyses we conclude that reduced transcript accumulation of the Uros gene in mutant line 70a3 is a consequence of large, antisense transcripts being produced by the UbiDs element located 39 of this gene, thereby resulting in posttranscriptional gene silencing. The recessive inheritance of the 70a3 phenotype is likely due to relatively inefficient gene silencing resulting in little suppression of transcript accumulation in heterozygous plants compared with wildtype plants. Inefficient gene silencing requiring homozygosity of silencing alleles has been previously observed (de Carvalho et al., 1992; Angenent et al., 1993; Pang et al., 1996; Vaucheret et al., 1997) . The developmental nature of the 70a3 phenotype was further investigated by RNA gel blot analysis. RNA was isolated from the second and third leaves of two 70a3 seedlings when ;20% of the second leaf was necrotic, at which time the third leaf was fully expanded but non-necrotic. Hybridization with the Uros probe showed degradation of Uros transcripts in all 70a3 leaf RNAs; however, the necrotic leaves contained much fewer full-length transcripts than the non-necrotic leaves ( Figure 4A) . Similarly, when leaves 7 to 9 were compared at a point when the 7th leaves were necrotic, the 8th leaves fully expanded but not necrotic and the 9th leaves not fully expanded, the youngest leaves (9th leaves) contained the highest amount of intact Uros transcripts ( Figure 4B ).
The stochiometric relationship of Uros transcripts and transcripts initiated by the polyubiquitin promoter were examined during leaf development. In wild-type plants, the youngest leaf tissue showed the highest level of Uros transcript accumulation ( Figure 4C ). To examine a possible developmental expression of the polyubiquitin promoter, a UbiDs line was selected that was homozygous for three, full-length UbiDsGUS trangenes that were integrated at a single locus during plant transformation. uidA (b-glucuronidase [GUS]) transcripts are initiated by the polyubiquitin promoters contained in the adjacent UbiDs (A) Developmentally regulated degradation of Uros transcripts in line 70a3. RNA was isolated from the second and third leaves of Golden Promise barley seedlings (lanes 1 and 2, respectively) and the second and third leaves of two 70a3 seedlings when necrosis began to develop on the second leaf, at which time the third leaf was fully expanded but non-necrotic. Lane 3 contains RNA from the first leaf of a single 70a3 seedling, while lane 4 contains RNA from the second leaf of the same seedling. Lanes 5 and 6 contain RNA from the first and second leaves of a second 70a3 seedling, respectively. RNA was hybridized with the Uros EST probe. Arrows indicate the position of rRNA bands, while the gel used for transfer is shown beneath each panel. (B) RNA was isolated from Golden Promise leaf tissue (1) and the seventh, eighth, and ninth leaves from two 70a3 seedlings. Lanes 2 to 4 contain RNAs isolated from leaf seven, eight, and nine of a single 70a3 seedling, respectively. Lanes 5 to 7 contain RNAs from leaf seven, eight, and nine of a second 70a3 seedling. At the time of harvesting, the seventh leaves were necrotic, the eighth leaves were fully expanded but non-necrotic, while the ninth leaves were recently emerged. RNA was hybridized with the Uros EST probe. Arrows indicate the position of rRNA bands, and the gel used for transfer is shown beneath each panel. (C) Developmental transcript accumulation patterns of endogenous Uros-and UbiDs-mediated uidA transcripts. RNA was isolated from wild-type Golden Promise plants (top panel) and plants homozygous for three copies of the UbiDsGUS transgene (bottom panel). Both sets of RNA were isolated from plants at the 5th leaf stage. RNA in lanes L1 to L4 was isolated from leaves 1 to 4, respectively, while lanes L5a to L5c contain RNA isolated from the 5th leaf when fully expanded (L5a), when half-expanded (L5b), and when just emerged from the sheath (L5c), respectively. Golden Promise RNA (top panel) was hybridized with the Uros EST probe, while UbiDsGUS RNA (bottom panel) was hybridized with a uidA-specific probe. Lane C in the bottom panel contains RNA from a wild-type Golden Promise plant. uidA transcripts are clearly identified in L4 to L5c upon image overexposure (see Supplemental Golden Promise control and 70a3 seedlings were grown under either glasshouse growth conditions (L) or grown in the dark until complete expansion of the first seedling leaf and emergence of the second leaf (;6 cm in length), whereupon they were transferred to standard glasshouse growth conditions. RNA was extracted from dark/light (D) grown seedlings at three time points; immediately following removal of seedlings from the dark (D-0), 5 d after removal from the dark (D-5), and 10 d after removal of seedlings from the dark (D-10). RNA was also extracted from glasshouse-grown seedlings at these same time points (L-0, L-5, and L-10). RNA in lanes labeled 1 and 2 was isolated from the first and second leaves of Golden Promise control plants, respectively, while RNA in lanes marked m1 and m2 was isolated from the first and second leaves, respectively, of 70a3 seedlings. The Uros EST probe was used for hybridization. Arrows indicate the position of rRNA bands, while the gels used for transfer are shown beneath each panel.
elements in this line ( Figure 1B) . A substantial difference in UbiDs-initiated expression of the uidA gene was observed with the oldest leaf tissue showing the greatest accumulation of uidA transcripts ( Figure 4C ). The delayed induction of necrosis in developing leaf tissue of the 70a3 mutant may therefore be a consequence of the inverse transcript accumulation of endogenous Uros transcripts and antisense transcripts initiated by UbiDs. The requirement for increased levels of antisense transcripts for effective Uros silencing is consistent with the absence of the necrotic phenotype in plants heterozygous for the 70a3 allele.
Accumulation of Uroporphyrin(ogen) I Is Observed in Tissue of 70a3 Progeny Plants
Suppression of Uros transcript accumulation would be predicted to result in reduced Uros enzyme activity, thereby leading to an accumulation of the enzyme substrate, hydroxymethyl bilane. In mammalian cells, excess hydroxymethyl bilane, arising from a deficiency in Uros activity, is known to spontaneously cyclize to form uroporphyrinogen I that is subsequently detected as uroporphyrin I in urine (Xu et al., 1995; Ged et al., 2006) . HPLC analysis of leaf extracts from wild-type Golden Promise seedlings and leaf extracts from necrotic 70a3 seedlings identified a large peak in the mutant tissue extract that was minor in control tissue extract ( Figure 5A ). This peak was shown to comigrate with a uroporphyrin I standard ( Figure 5A ).
Analysis of second leaves from 70a3 seedlings that were green and healthy, while first leaves showed extensive necrosis, indicated that uroporphrin(ogen) I had also accumulated in this green tissue, although to a lesser extent than that observed in necrotic first leaves (see Supplemental Figure 4 online). These data demonstrate a clear relationship between the observed developmental reduction in Uros transcript accumulation, the developmental increase in uroporphrin(ogen) I accumulation, and the developmental formation of necrotic lesions in a light-dependent fashion. They also imply that a minimal concentration of uroporphyrin(ogen) I is required to initiate visible necrosis.
In spite of the apparent reduction in Uros activity arising from the UbiDs insertion element, no significant differences in chlorophyll content were observed between the mutant line and wild-type plants at any stage of development (Table 2) . Therefore, while this gene silencing effect is sufficient to disrupt the flux through the chlorophyll biosynthetic pathway and lead to the accumulation of uroporphyrin(ogen) I, it does not interfere with overall chlorophyll content. These data are consistent with a partial reduction of Uros activity rather than complete abolition.
The 70a3 Phenotype Is Consistent with Plant Porphyria
Further phenotypic analysis of the 70a3 mutant phenotype demonstrated some similarities to known plant porphyria mutants. Associated with cell death in 70a3 mutant progeny was hydrogen peroxide production ( Figure 2I ) that was absent in control tissue ( Figures 2I and 2J ) and occurred in mesophyll cells ( Figures 2K and 2N) , stomatal guard cells ( Figure 2L) , and epidermal cells ( Figure 2M ). This hydrogen peroxide production followed developmental leaf necrosis, being initiated near the leaf tip and subtending toward the leaf base (see Supplemental Figure 5 online). Callose deposition was associated with leaf necrosis (Figures 2O and 2P) , as was the production of nitric oxide, which appeared to be localized to the plastids ( Figures 2Q  and 2R ). Vesicles that showed autofluorescence under UV light, suggestive of the presence of phenolic compounds, were also observed near necrotic regions of 70a3 leaf tissue ( Figures 2S  to 2U ).
The 70a3 phenotype was light conditional, being readily observed in seedlings grown under 840 and 420 umol m 22 s 21 light intensities, but much less pronounced in seedlings grown at 197 and 90 umol m 22 s 21 light intensities, respectively ( Figures 6A to  6D ). However, when leaves from these seedlings were cleared in chloral hydrate, it became apparent that leaf necrosis, albeit at lower levels, still occurred under these latter two light regimes, with the extent of necrosis being proportional to the light intensity ( Figure 6E ). No necrosis was observed on wild-type control seedlings grown under the same light conditions.
RNA gel blot analysis of wound and oxidative stress-induced genes, glutathione S transferase1 (Gst1), pathogenesis related protein1 (PR1), and phenylalanine ammonia lyase1 (Pal1), showed strong induction of these genes in 70a3 glasshousegrown seedlings, with expression progressively reducing with diminishing light levels to near wild-type levels under 3% light ( Figures 7A to 7C ). However, in the flag leaf of mature 70a3 plants grown under glasshouse light conditions, Gst1 expression was reduced compared with wild-type plants ( Figure 7A ). In both flag leaf RNA samples, a large Gst1 homologous transcript was detected that was not apparent in RNA from seedlings grown under the same light ( Figure 7A ). PR1 and Pal1 induction was reduced in the 70a3 flag leaf compared with 70a3 seedlings grown in full light, consistent with the reduction in necrosis severity observed in mature plants compared with seedlings ( Figures 7B and 7C) . Given the presence of hydrogen peroxide in necrotic tissue of 70a3 seedlings, RNA gel blot analysis was undertaken using the catalase2 (Cat2) gene as a probe, and a moderate induction of Cat2 homologs was observed in the mutant when grown under 100 and 30% light conditions (Figure 7D) .
The necrotic phenotype was further demonstrated as being developmental by comparative growth experiments with 70a3 seedlings grown under light and dark growth conditions ( Figures  6F to 6M ). When 70a3 seedlings grown in glasshouse light conditions had reached the expanded 2nd leaf stage, significant necrosis was apparent on the first leaf of these seedlings that was not apparent on Golden Promise control seedlings ( Figures  6F and 6G ). However, both 70a3 and wild-type seedlings grown in the dark in the same glasshouse showed no obvious signs of necrosis ( Figures 6H and 6I) . The dark-grown 70a3 seedlings were then transferred into glasshouse light, and 9 d later the beginning of leaf necrosis was observed on the 2nd leaf, while the first leaf remained relatively unaffected ( Figure 6J ). By contrast, the 70a3 seedlings grown under constant glasshouse light showed extensive necrosis of the first and second leaf at this same time point ( Figure 6K ). After 14 d of light exposure, the second leaf of previously dark-grown 70a3 seedlings died, while the first leaf remained relatively unaffected ( Figure 6L ). However, 70a3 seedlings grown under constant glasshouse light conditions showed death of the first and second leaves and obvious necrosis on the third leaf ( Figure 6M ). The relative immunity of the first leaf to light-induced necrosis following transfer of darkgrown 70a3 seedlings to the light is consistent with a developmental window of phenotype induction.
To further investigate this developmental window, RNA gel blot analyses were undertaken. When compared over three time points, little difference in Uros transcript accumulation was observed between 70a3 seedlings grown under glasshouse light conditions and those initially grown in darkness until expansion of the first leaf and initial emergence of the second leaf ( Figure  4D ). These data suggest that the relative immunity of the first leaf of 70a3 seedlings to necrosis, when grown in the dark, is not a consequence of altered, dark-induced transcription patterns of either the endogenous Uros gene or UbiDs-initiated antisense transcripts or due to altered induction of gene silencing.
The absence of Uros transcript accumulation differences between light-and dark-grown 70a3 seedlings suggests that other biological processes are responsible for first leaf immunity to necrosis and the delayed necrosis apparent in second leaves. Prolonged growth (>5 d) of barley seedlings in the dark greatly reduces their ability to accumulate chlorophyll upon subsequent light exposure (Obendorf and Huffaker, 1970) . Chlorophyll content was determined for wild-type seedlings grown under either constant glasshouse conditions or in the dark followed by transfer to glasshouse light when the second leaf was almost fully expanded ( Figure 5B ). These data indicated that under these conditions the first leaves of seedlings grown in the dark did not accumulate chlorophyll levels equal to those observed in plants grown under continuous glasshouse conditions after 10 d of reillumination. By contrast, no significant difference in chlorophyll content was observed between second leaves 5 d after reillumination of dark-grown seedlings ( Figure 5B ). To confirm that similar patterns of chlorophyll accumulation occurred in the 70a3 mutant, seedlings were grown either continuously in the glasshouse or in the dark until near full expansion of the second leaf, whereupon they were transferred to the light. These plants were allowed to develop to the fourth leaf stage (;15 d after dark to light transfer) when chlorophyll measurements were made for each leaf. Only the first leaves of these plants showed significant differences in chlorophyll accumulation with dark-grown seedlings, accumulating ;10-fold less chlorophyll at this 15 d time point (even in spite of the significant necrosis apparent on glasshouse-grown seedling leaves) (see Supplemental Figure 6 online).
The first leaf immunity of 70a3 seedlings to necrosis following dark to light exposure is therefore likely due to a greatly reduced flux through the chlorophyll biosynthetic pathway resulting in reduced or no accumulation of uroporphyrinogen I. The delay in second leaf necrosis of dark-grown 70a3 seedlings is likely also to be a consequence of a reduced rate of chlorophyll synthesis leading to lower rates of uroporhyrin(ogen) I accumulation in these tissues, requiring ;9 d postillumination for a biological threshold to be obtained.
The 70a3 Mutation Suppresses the Expression of Light Reaction Photosynthesis Genes
The effect of the 70a3 mutation on the barley transcriptome was investigated. A preliminary microarray analysis was undertaken, and potential differential transcript accumulation of genes of interest was subsequently confirmed by RNA gel blot analyses. Under both 30 and 3% light conditions, it appeared that in the mutant significant repression of transcript accumulation occurred for several genes involved in the light reaction of photosynthesis, with reduced accumulation of transcripts from genes encoding chlorophyll a/b binding proteins of the light-harvesting complex (Lhc) and carbonic anhydrase common to mutant plants grown under both light conditions. To confirm this preliminary microarray result, RNA gel blots were undertaken, and reduced transcript accumulation of these same photosynthesis genes was observed in mutant seedling RNA samples ( Figure 8A,  1 to 4) . It was also apparent that under full light conditions the transcriptional repression of these genes was further exacerbated ( Figure 8A, 1 to 4) . Further RNA gel blot analysis also identified clear repression of the ribulose1,5-bisphosphate carboxylase/oxygenase small subunit (RbcS) gene under full light, which was not readily detectable under 30 and 3% light conditions ( Figure 8A, 5) .
Longer exposure of some of these RNA gel blots identified larger transcripts, which presumably represent intermediate splicing variants of pre-mRNA, with homology to the gene probes. In two cases [light-harvesting chlorophyll a/b binding protein(ii) [Lhcb(ii)] gene and carbonic anhydrase], the presence of these splice variants was significantly reduced in the 70a3 mutant compared with the Golden Promise control ( Figures 8B  and 8C ). This reduction was not simply a consequence of reduced gene expression in the mutant. For both genes, greater expression was observed in mutant seedlings grown at 30% light compared with Golden Promise control seedlings grown under 3% light, yet fewer intermediate splice variants were apparent in the mutant RNA. These data suggest that modifications of posttranscriptional RNA processing efficiencies or posttranscriptional regulatory mechanisms are associated with the transcriptional repression of these two photosynthesis genes in the mutant.
The Reduction of Nuclear-Encoded Chloroplast Gene Transcripts Appears to Be Mediated by Singlet Oxygen
The major phototoxic excitation product of uroporphyrin I is singlet oxygen (Carraro and Pathak, 1988) , which acts as a signal molecule that leads to large changes in plant nuclear gene expression patterns (op den Camp et al., 2003) . Wild-type barley was treated with the herbicide bromoxynil to determine if singlet oxygen production leads to repression of a similar group of nuclear genes to that observed in the 70a3 mutant. Bromoxynil blocks plastid electron transport by binding to the photosystem II D1 protein, thereby producing singlet oxygen by photoinhibition (Krieger-Liszkay and Rutherford, 1998) . Barley leaves treated with a range of bromoxynil concentrations showed a dosedependent reduction in transcript accumulation of the same nuclear-encoded plastid genes observed to be repressed in the 70a3 mutant ( Figure 8D , 1 to 5). As a control, RNAs derived from bromoxynil-treated seedlings were hybridized with the plastidencoded ribulose bisphosphate carboxylase/oxygenase large subunit (RbcL) sequence, and little change in RbcL gene expression was observed ( Figure 8D, 6) . A slight decrease in the RbcL expression level was apparent at the highest bromoxynil concentration, possibly arising from herbicide damage at this elevated level ( Figure 8D, 6) .
A further control experiment was undertaken whereby barley seedlings were treated with increasing concentrations of RNA gel blot analysis of RNA isolated from Golden Promise (GP) and 70a3 seedlings grown under glasshouse growth conditions in full sunlight (100%), 30% light, and 3% light conditions, respectively. For all three light conditions, RNA was extracted from the 2nd and 3rd leaves of seedlings at the five-leaf stage. RNA labeled FL was isolated from the flag leaves of Golden Promise or 70a3 plants grown under full light. Panels were hybridized with barley EST probes from Gst1 (A), PR1 (B), Pa1l (C), and Cat2 (D) genes. The RNA gels used for transfer are shown beneath each panel.
methylviologen (paraquat). Methylviologen causes the production of superoxide in chloroplasts by photosystem I-mediated photoreduction of this compound resulting in superoxide formation, with superoxide being subsequently converted to hydrogen peroxide by CuZn-superoxide dismutase (Mehler, 1951; Babbs et al., 1989) . Barley seedlings were grown for 24 h in the glasshouse following treatment with 0, 0.0125 g/L, 0.125 g/L, 1.25 g/L, or 2.5 g/L of methylviologen. Increasing levels of photooxidative damage were apparent with increasing methylviologen concentration such that plants treated with 2.5 g/L spray were dead within 24 h (and no longer included in the analysis). RNA gel blot analysis of leaf tissue from methylviologen-treated plants showed no severe repression of Lhcb(i), Lhca4 (Figure 8E ), or carbonic anhydrase transcript accumulation (data not shown). The reduced transcript accumulation of these nuclear-encoded chloroplast genes therefore appears to be a specific consequence of singlet oxygen production.
Effect of the 70a3 Mutation on Photosynthesis
The reduced transcript accumulation of photosynthesis genes observed in 70a3 would suggest significant effects on photosynthetic performance. This was examined by simultaneous measurement of leaf gas exchange and chlorophyll fluorescence (Figure 9 ). The response to irradiance of CO 2 assimilation and chlorophyll fluorescence from the youngest fully expanded leaf of 70a3 mutant and Golden Promise wild-type seedlings at the four-leaf stage at 258C under 380 mbar CO 2 was measured. The light saturated rate of CO 2 assimilation in mutant seedlings was reduced 40 to 50% from that seen for controls, but the rates of photosynthesis at subsaturating light were unchanged ( Figure  9A ). Hence, the quantum yield of photosynthetic CO 2 assimilation in these mutant seedlings, as indicated by the initial slope of the light response curve, was unchanged. Conductance was reduced in proportion to the reduction in CO 2 assimilation in mutant seedlings, and consequently, the ratio of calculated intercellular CO 2 to ambient CO 2 concentration was unchanged (see Supplemental Figure 7A online). Chlorophyll fluorescence quenching analysis indicated a reduction in the quantum yield of photosystem II (fPSII) in mutant seedlings at higher light intensities ( Figure 9B ), but nonphotochemical quenching of chlorophyll fluorescence was not significantly affected in the mutant (see Supplemental Figure 7B online).
DISCUSSION
These data demonstrate that the 70a3 mutant phenotype is a consequence of posttranscriptional gene silencing of the Uros gene, mediated by antisense transcripts generated from a UbiDs (A) Reduced transcript accumulation of nuclear-encoded plastid genes in the 70a3 mutant. RNA in panels 1 to 5 was isolated from Golden Promise (+) and 70a3 (m) seedlings grown under glasshouse conditions in full sunlight (100%), 30% light, and 3% light. RNA was also isolated from the flag leaf of Golden Promise and 70a3 plants grown under glasshouse conditions (FL). RNA gel blots shown in panels 1 to 4 were hybridized with EST sequences derived from wheat genes Lhcb(i), Lhca4, and Lhcb(ii) and carbonic anhydrase genes, respectively. Panel 5 shows hybridization of the RbcS gene. (E) The superoxide-and hydrogen peroxide-producing herbicide methylviologen does not suppress transcript accumulation of nuclearencoded chloroplast genes. RNA in lanes 1 to 4 was isolated from barley seedlings sprayed with 40 mL of water containing 0, 0.0125, 0.125, or 1.25 g/L of methylviologen, respectively. Panels 1 and 2 were hybridized with Lhcb(i) and Lhca4, respectively. RNA gels used for transfer are shown below each blot in (A), (D), and (E). insertion located 3.7 kb 39 of the gene. The inefficient silencing initiated by this UbiDs insertion requires two mutant alleles to suppress Uros transcript accumulation to a level where a phenotype can be observed. A number of studies have observed greater silencing efficiency for homozygous transgenic plants compared with hemizygous plants (de Carvalho et al., 1992; Angenent et al., 1993; Pang et al., 1996; Vaucheret et al., 1997) . A similar type of silencing mutant has been suggested to occur from conditional activation tagging experiments in Drosophila (Rorth et al., 1998) . Plant activation-tagged phenotypes have been previously observed by upregulation of microRNA genes, leading to increased suppression of target gene transcript accumulation (Aukerman and Sakai, 2003; Williams et al., 2005) . However, these mutations are primarily caused by gene overexpression mediated by the activation tagging element and not due to a direct induction of gene silencing.
The suppression of Uros expression causes an accumulation of uroporphyrin(ogen) I, presumably due to the nonenzymatic cyclization of excess hydroxyl methylbilane, as has been observed in mammalian cells (Xu et al., 1995; Sassa and Kappas, 2000) . In humans, congenital erythropoietic porphyria is a recessive autosomal disorder characterized by a deficiency in Uros. A mouse model has been developed for this disorder by targeted mutagenesis of the mouse Uros gene (Ged et al., 2006) . In both mammalian species, accumulated hydroxymethyl bilane arising from Uros deficiency spontaneously cyclizes to form uroporphyrinogen I, and large amounts of photoreactive uroporphyrin I are detected in the urine. In both species, however, complete Uros gene knockouts are lethal (Xu et al., 1995; Ged et al., 2006) .
As described in the introduction, tetrapyrrole biosynthetic gene-mediated lesion mimics have been caused by enzyme deficiencies in uroporphyrinogen III decarboxylase, coproporphyrinogen III oxidase, protoporphyrinogen IX oxidase, plastidic ferrochelatase, and, as demonstrated in this manuscript, Uros. In each case, these mutations are associated with partial suppression, rather than complete inactivation, of the given tetrapyrrole biosynthetic gene. The exception is the dominant maize Les22 mutant, which arises from transposon insertional inactivation of the uroporphyrinogen III decarboxylase gene, and is a rare case of haploinsufficiency due to the inability of a single wild-type allele to maintain flux through the tetrapyrrole pathway (Hu et al., 1998) . Therefore, the necrotic, heterozygous Les22 phenotype is also a consequence of reduced enzyme activity, rather than complete pathway inactivation. The Arabidopsis mutant lin2 is also likely to arise from partial deficiency in coproporphyrinogen III oxidase activity as homozygous plants still produce chlorophyll (Ishikawa et al., 2001 ). Hence, a chlorophyll biosynthetic gene-mediated lesion mimic phenotype appears only possible by partial gene suppression, as complete gene inactivation is likely to cause lethal albinism (e.g., Pontier et al., 2007) . However, as expected, lesion mimic phenotypes generated by chlorophyll catabolic enzymes can involve complete enzyme inactivation.
Unlike the four preceding enzymatic steps ( Figure 1A ), reduced Mg-chelatase activity does not cause photosensitivity, but rather reduced chlorophyll levels due to a negative feedback regulatory mechanism (Hansson et al., 1999 (Hansson et al., , 2002 Papenbrock et al., 2000a Papenbrock et al., , 2000b Soldatova et al., 2005; Sawers et al., 2006) . The substrate of Mg-chelatase, protoporphyrin IX, is the branch point of chlorophyll and heme synthesis ( Figure 1A) ; by contrast, antisense suppression of the first committed heme synthetic enzyme, plastidic ferrochelatase, does lead to protoporphyrin IX accumulation and light-dependent necrosis (Papenbrock et al., 2001) .
The product of Mg-chelatase, Mg-protoporphyrin IX, has been suggested to function directly as a retrograde plastid/nuclear signaling molecule in both Arabidopsis (Strand et al., 2003) and barley (Gadjieva et al., 2005) . Accumulation of Mg-protoporphyrinogen IX was suggested to cause transcriptional repression of nuclear-encoded chloroplast genes (Strand et al., 2003; Pontier et al., 2007) . Chloroplast damage was suggested to be recognized by Mg-protoporphyrin IX accumulation in the cytosol by a plastid-localized pentatricopeptide repeat protein (GUN1) that in turn activated a nuclear AP2-type transcriptional repressor (ABI4). Transcriptional suppression of a specific set of nuclear genes was envisaged to include plastid transcription factors, Figure 9 . Photosynthesis in the 70a3 Mutant. CO 2 assimilation rate (A) and fPSII (B) of wild-type and 70a3 plants. Two barley wild-type (closed symbols) and two mutant 70a3 seedlings (open symbols) were measured as a function of irradiance. Measurements were made concurrently at an ambient CO 2 of 380 mbar and a leaf temperature of 258C. Leaves were dark adapted, and measurements were made from low to high light. thereby leading to reduced levels of plastid transcription (Ankele et al., 2007; Koussevitzky et al., 2007) .
To investigate a possible direct signaling by uroporhyrinogen I, barley leaf tissue was infiltrated with a 100 mM solution of this porphyrin and incubated in the dark. No alteration in Lhcb(i) transcript levels was observed when compared with control tissues (data not shown). The model of direct retrograde signaling by Mg-protoporphyrinogen IX has since been challenged with no correlation between the concentration of this porphyrin and transcript levels reported (Mochizuki et al., 2008; Moulin et al., 2008) . The nature of the uroporphyrinogen I retrograde plastid-nuclear signal is therefore likely due to reactive oxygen species generated within the plastid (Nott et al., 2006) . Singlet oxygen, the major phototoxic excitation product of uroporphyrin I (Carraro and Pathak, 1988) , has been shown to act as a signal molecule that leads to large changes in plant nuclear gene expression patterns (op den Camp et al., 2003; Wagner et al., 2004; Lee et al., 2007) . Treatment of Golden Promise seedlings with the singlet oxygen-generating herbicide bromoxynil caused reduced transcript accumulation of the same set of nuclear-encoded plastid genes repressed in the 70a3 mutant, but treatment with the superoxide-generating herbicide methylviologen did not. In addition, 70a3 plants grown under 3% light showed minimal necrosis and no wound-responsive gene induction but did show suppression of these same nuclearencoded photosynthesis genes, further arguing that this altered gene regulation is not a consequence of cell damage.
The effects of the 70a3 mutation on photosynthetic gene expression presumably led to the large decrease in photosynthetic CO 2 assimilation observed in the mutant at higher light intensities (Figure 9 ). The lack of effect on quantum yield suggests that the reduction in Lhc transcript abundance in the mutant was not sufficient to affect light-harvesting efficiency, nor was any photooxidative damage to the photosynthetic antennae apparent, either from quantum yield or fPSII measurements. A reduction in the rate of photosynthesis at high light could be due to a general reduction in photosynthetic capacity arising from the transcriptional suppression of nuclear-encoded plastid genes.
Even modest transcriptional repression of genes encoding key enzymes could generate reduced photosynthetic rates given that some genes like RbcS accumulate low levels of excess transcript and this enzyme in particular is highly limiting for photosynthetic flux; alternatively, a specific reduction in the capacity for whole-chain electron transport could cause a reduction in photosynthetic capacity (von Caemmerer, 2000 and references therein).
The developmental aspect of the 70a3 phenotype is of interest, and similar developmental phenotypes have been observed for the maize Les22 mutant and the Arabidopsis lin2 mutant (Hu et al., 1998; Ishikawa et al., 2001 ) and from antisense suppression of the tobacco coproporphyrinogen oxidase and uroporphyrinogen decarboxylase genes (Kruse et al., 1995; Mock and Grimm, 1997) . The formation of lesions shortly after full leaf expansion has been suggested to correlate with peak flux through the chlorophyll biosynthetic pathway and would also explain why mature leaves of dark-grown seedlings do not undergo necrosis when subsequently exposed to light (Hu et al., 1998; Ishikawa et al., 2001) .
RNA gel blot analysis of Uros expression in developing and mature 70a3 leaves in both young seedlings and plants at the 9th leaf stage indicated that RNA-mediated degradation of Uros transcripts is developmentally regulated. Mature leaves showed substantial Uros silencing, while immature leaves maintained higher levels of endogenous Uros transcripts. Both the Uros gene and polyubiquitin promoter contained in UbiDs were shown to be regulated developmentally with the highest Uros expression occurring in young tissue and the lowest polyubiquitin-mediated expression levels occurring in the same tissue. Consequently, the developmental formation of lesions in 70a3 leaves may reflect these inverse transcription patterns with a sense/antisense transcript ratio sufficient to induce efficient gene silencing not being attained until a specific point in tissue development. This could also explain the observed coexistence of both sense and antisense transcripts in the same RNA samples. The observation that two UbiDs insertion alleles are required to initiate silencing further suggests that this threshold involves both sense and antisense transcripts, which is consistent with other silencing studies (Vaucheret et al., 1997) . However, superimposed on these transcriptional silencing patterns is a clear developmental window of necrotic lesion formation in 70a3 seedlings. RNA gel blot analyses indicated no large differences in Uros transcript accumulation between 70a3 seedlings grown under standard glasshouse conditions and those subjected to a dark/light growth regime. The apparent resistance to necrosis of fully expanded 70a3 first leaves, following transfer from the dark to the light, is therefore a consequence of plant development rather than dark-induced changes in either transcription patterns or gene silencing.
The first leaves of 5-d-old barley seedlings grown in the dark show clear developmental differences in etioplast structure and number, with greatest etioplast development and numbers occurring in a basipetal gradient (Robertson and Laetsch, 1974) . Transfer of these seedlings to the light causes a rapid synthesis of chlorophyll and plastid maturation that again follows a basipedal gradient, such that within 48 h these seedlings contain chlorophyll amounts similar to light-grown plants (Robertson and Laetsch, 1974) . However, when barley seedlings are grown in the dark for >5 d, chlorophyll accumulation upon light exposure rapidly decreases with increasing pregrowth in the dark (Obendorf and Huffaker, 1970) . A reversal of the basipedal gradient of chlorophyll accumulation is also observed in these seedlings, suggesting that the more mature tissues of these leaves are beginning to undergo programmed senescence (Obendorf and Huffaker, 1970) .
The resistance of the first leaf of dark grown 70a3 seedlings to necrosis following light exposure may be a consequence of this tissue entering the senescence phase, resulting in reduced flux through the chlorophyll biosynthetic pathway and a lack of, or reduced level of, uroporhyrinogen I accumulation. Unlike first leaves, the second leaves of dark/light-grown seedlings did accumulate wild-type levels of chlorophyll, but greening was visibly slow and required ;5 d of reillumination for wild-type levels to accumulate. This reduced rate of chlorophyll synthesis is likely to cause a reduced rate of uroporhyrin(ogen) I accumulation and hence a delay in visible signs of necrosis.
In summary, the UbiDs activation tagging system in barley has the capacity to generate silencing mutants and hence produce informative mutant phenotypes not available by knockout mutagenesis. Reduced accumulation of Uros transcripts leads to the accumulation of uroporphyrin(ogen) I, resulting in phototoxicity, albeit with little effect on total chlorophyll content. In turn, the production of singlet oxygen appears to cause suppression of a specific set of nuclear-encoded chloroplast genes by retrograde signaling.
METHODS

Plant Material and Growth Conditions
Barley (Hordeum vulgare) cultivar Golden Promise plants (Forster, 2001) were grown under glasshouse conditions with a 16-h-light, 218C /8-hdark, 168C growth regime. Plants propagated under 30 and 3% light were grown under one or three layers of 70% shade cloth, respectively. Light titration experiments were undertaken in growth cabinets with incident light (mmol m 22 s 21 ) measured at the soil surface. For dark/light growth experiments, barley seedlings were placed in a cardboard box in the glasshouse (dark growth) before being removed to standard glasshouse growth conditions. Control seedlings were grown immediately alongside these dark/light seedlings in the glasshouse at all times.
Construct Designs
The UbiDs activation tagging construct consisted of a maize (Zea mays) Ac element containing two maize polyubiquitin promoters that transcribe out of each end of the element, in addition to a bar selectable marker gene (Ayliffe et al., 2007) . Figure 1 shows Ac 250-bp 59 and 39 terminal inverted repeat sequences (gray triangles) and an internal 900-bp Ac sequence (gray box labeled Ac), as is a 35S-bar gene (hatched bar ORF adjacent to a 35S promoter). These modifications of the maize Ac element render it incapable of autonomous transposition; hence, it is referred to as a Ds element. In juxtaposition to the UbiDs element was a uidA ORF, expressed by the adjacent polyubiquitin promoter located at the 39 end of the Ds element, thereby enabling transgene identification by GUS staining. The Ubi-transposase transgene consisted of the maize Ac ORF under the regulatory control of a maize polyubiqitin promoter. A bacterial omega transcriptional enhancer sequence was included in the 59 leader sequence ( Figure 1, hatched box) . The polyubiquitin promoters employed in both transgenes consisted of the promoter sequence in addition to 59 UTR and first intron of the polyubiquitin gene (Christensen et al., 1992) . The position of EcoRI restriction sites (R1), AcXE, and polyubiquitin 59 leader sequence (UbiL) probe homologies (dashed lines) are indicated for both constructs in Figure 1 , as is the size of relevant restriction fragments.
Herbicide Treatments
Barley seedlings at the 5th leaf stage were sprayed with 40 mL of solution containing either 0, 2 mL/L, 20 mL/L, or 200 mL/L of Bromicide 200 (Nufarm). For methylviologen treatment, Golden Promise seedlings at the 5th leaf stage were sprayed with 40 mL of water containing 0, 0.0125 g/L, 0.125g/L, 1.25 g/L, or 2.5 g/L of methylviologen (BDH Chemicals). Following both herbicide treatments, plants were left under glasshouse light conditions for 24 h and tissue was then harvested for RNA extraction.
Screening for Barley Mutants
F2 barley seedlings (60,000) from a barley activation tagging population (Ayliffe et al., 2007) were screened for morphological mutants by germinating seeds in 10 315-inch seed germination paper, with ;20 seeds per paper roll (Hoffman Manufacturing). Seeds were placed at the top of a paper sheet that was then rolled into a cylinder that was subsequently immersed into a half filled beaker of water with the seed end uppermost. Only the bottom half of the roll was immersed in water, enabling seed hydration by paper capillary action. Upon expansion of the second seedling leaf, paper filters were unrolled to expose both leaves and roots for morphological assessment.
DNA and RNA Gel Blotting, Cloning, and Sequencing DNA and RNA extraction and blotting procedures were performed as described by Collins et al. (1999) . EST clones used as probe templates are listed in Table 3 . Probe templates were PCR amplified from EST clones using M13 forward and reverse primers (59-GTAAAACGACGGCCAGT-39 and 59-GGAAACAGCTATGACCATG-39), as was a cloned version of the AcXE fragment. The uidA probe was amplified from a cloned uidA gene using a M13 forward primer and a uidA-specific primer (59-GTTCGGCGTGGTGTAGAG-39). The 70a3 39 flanking sequence probe was amplified from a cloned sequence using the following primer pair (59-TGCCACCACCACGGACCA-39 and 59-CCTACTCCTTCGTCCTAT-39), while the rbcL probe was amplified directly from barley genomic DNA using primers 59-TCCGAGTAAGTCCTCAGCCTG-39 and 59-TAATC-ATTTCTTCACATGTAC-39. PCR fragments were purified and labeled as described by Collins et al. (1999) . Single-strand specific probes were labeled with 32 P-dUTP using T3 and SP6 RNA polymerases to in vitro transcribe a cloned Uros EST sequence. Cloning was performed as described by Sambrook et al. (1989) . DNA sequence was obtained using an ABI dye-primer sequencing kit (BigDye version 3.1). BLAST sequence analyses were undertaken using the National Center for Biotechnology Information suite of programs (http://www.ncbi.nlm.nih.gov/).
Small RNA Hybridization
Total RNA was isolated from leaf tissue using TRIzol reagent (Gibco BRL) and precipitated with isopropanol. RNA was resuspended in formamide and 30-mg samples separated on 18% denaturing polyacrylamide gels. Following electrophoresis, RNA was electroblotted onto Hybond N membranes and UV cross-linked. Membranes were hybridized with in vitro-transcribed 32 P-dUTP labeled RNA probes at 428C in 125 mM Na 2 PO 4 , pH 7.2, 250 mM NaCl, 7% SDS, and 50% formamide. As a loading control, membranes were hybridized under the same conditions with a U6 oligonucleotide probe labeled with 32 P gamma dATP and T4 polynucleotide kinase under conditions specified by the enzyme manufacturer (Promega). Following hybridization, membranes were washed twice in 23 SSC, 0.2% SDS at 428C followed by RNase treatment (2 mg/ mL in 23 SSC) and subsequent autoradiography.
PCR Amplification
Conventional PCR was undertaken using the conditions described by Ayliffe et al. (1999) . PCR primers used for amplification of revertant 70a3 alleles were 59-TCCTTTCCGGTGAGTCTCGGG-39 and 59-TGCGGA-TACTCTCCAACTCCG-39. TAIL-PCR (Liu et al., 1995) was undertaken using Ds59, Ds39, arbitrary primers, and PCR conditions described by Kolesnik et al. (2004) . PCR products were cloned into a pGEM T Easy vector (Promega) and sequenced with M13 forward and reverse primers.
Gene Mapping and BAC Clone Isolation
The barley Uros gene was mapped using 121 ApaI-digested progeny DNAs from a Steptoe X Morex doubled haploid family (Chen and Hayes, 1989) . BAC clone 0031J02 was isolated by screening arrayed BAC clone DNA filters from a barley cultivar Morex genomic library (HvMBa) obtained from the Clemson University Genomic Institute. DNA filters for mapping and BAC clone identification were hybridized with a 320-bp genomic fragment adjacent to the 39 end of the UbiDs insertion present in plant 70a3 (i.e., the 39 flanking sequence probe amplified with primers 59-TGCCACCACCACGGACCA-39 and 59-CCTACTCCTTCGTCCTAT-39 and labeled as described in Collins et al. [1999] ).
Cytological Analyses
Hydrogen peroxide was detected in plant tissue using DAB as described by Thordal-Christensen et al. (1997) and DAB-stained leaves cleared by placing in a saturated chloral hydrate solution overnight. Nitric oxide was detected by staining leaf tissue in a 10 mM solution of diaminofluorescein diacetate and fluorescence visualized by confocal laser microscopy at excitation and emission wavelengths of 488 and 500 to 540 nm, respectively (Foissner et al., 2000) . UV fluorescent vesicles were observed by confocal microscopy in the absence of staining at excitation and emission wavelengths of 488 and 500 to 540 nm, respectively. Callose deposition was observed by staining tissue with a 0.05% aniline blue solution at room temperature for 10 min and examined by confocal laser microscopy (405-nm excitation).
HPLC Analyses
Plant porphyrins were analyzed as described by Kruse et al. (1995) . Briefly, plant tissue was ground in methanol:0.1M NaOH (9:1 v/v) and the homogenate centrifuged to remove cell debris. The isolated supernatant was oxidized by the addition of butanone peroxide and acetic acid and separated by HPLC on an Alltima C18 column (Alltech Associates). Porphyrins were eluted with a linear methanol:ammonium acetate concentration gradient (solvent A: 0.1 M ammonium acetate, pH 5.2; solvent B: 90% methanol and 0.1M ammonium acetate, pH 5.2). Uroporphyrin I and uroporphyrin III standards were purchased from Frontier Scientific.
Leaf Gas Exchange and Chlorophyll Analysis
Measurements of CO 2 assimilation rate, fPSII, and nonphotochemical quenching (NPQ) were made concurrently with a Li-Cor 6400 open gas exchange system with an attached pulse amplitude modulated fluorometer (LI-6400; Li-Cor) at an ambient CO 2 of 380 mbar and a leaf temperature of 258C (Dwyer et al., 2007) . Leaves from seedlings at the fourth leaf stage of development were dark adapted for 30 min and then measurements were made from low to high light. Total chlorophyll content was determined by methanol extraction and spectrophotometry as described by Mackinney (1941) .
Accession Numbers
Sequences and GenBank/EMBL accession numbers are as follows: the Uros gene and flanking regions (11 kb) (EU338488); the Arabidopsis Uros protein sequence (CAC85287); wheat and barley ESTs that encode Uroslike proteins (EF160077 and EX585747, respectively); a wheat Uros-like protein (GenBank ABM45934); and the barley Lhca4 gene (AF287276).
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